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Modelling Wind Erosion and Dust
Emission on Vegetated Surfaces

Gregory S. Okin and Dale A. Gillette

7.1 Introduction

Erosion. transportation and deposition of material by wind are fundamental abiotic pro-
cesses in the world’s drylands. Ammespheric dust created 1 deserts by wind erosion and
subsequently transported around the globe 1s a vital component of the entire Earth system.
Mineral particulates from local or regional sources can dramatically impact air quality.
Despite this. there is often little information about where, precisely. in the landscape wind
erosion and dust emission occur. This 1s fargely because the conditions on the surface that
determine the extent and degree of wind erosion tend to vary across both space and ame
and relatively complex interactions between soil and vegetation conspire 1 atlow or sup-
press wind erosion. Although the mathematical understanding of wind erosion and dust
emission has progressed to a point where current models can accommodate a fair degree
of complexity. few studies 1o date have integrated the models in such a way that spatially
explicit estimates of wind erosion and dust flux can be made. This technological step 18
required if we are 1o start to understand the distribution of atmospheric dust observed from
remote sensing platforms or are to predict dust events thai can affect local human health or
global biogeochemucal cycles.

The purpose of the present research is to develop a modelling framework m which
spatially explicit estimates of wind erosion and dust emission for vegetated surfaces can
he derived. The model that is developed here allows land surface-based estimates of dust
emission at the regional scale and is intended to be complementary to global scale esimates
of dust emission that can be derived from modelling (e.g. Tegen er af.. 1996). Coarse

resolution remole sensing observations of the atmosphere using sensors such as the Total
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Ozone Mapping Spectrometer (TOMS) te.g. Prospero. 1999) and meteorological satellites
such as METEOSAT (Legrand er al.. 1989) also provide useful general information on
source arcas. While global scale estimates of atmospheric dust distributions are routinely
produced using these sensors. land surface-based wind erosion estimation remains in s
infancy. particularly when applied at the regional scale. This chapter is intended 10 describe
the state of the science of regional scale modelling. outline the implementation of a regional
scale model and dentify future areas for research.

7.1.1 The Importance of Atmospheric Dust

Atmospheric mineral dust can affect the global energy balance by changing the radiative
forcing of the atmosphere through its ability to scatter and absorh light (Sekolik and Toon.

1996; Tegen and Lacis. 1996). Atmospheric mineral acrosols may also provide surfaces tor

reactions. change the concentration of other gerosols in the atmosphere and aftect cloud
nucleation and opucal properties (Dentener er al.. 1996: Levin er al.. 19961 Dickerson
ot al.. 1997 Wurzler er al.. 2000). The iron in dust is thought to play a major role n
ocean fertilization and oceanic CO: uptake-thereby affecting the global carbon budget
(Duce and Tindale. 1991: Coale er al.. 1996: Piketh er al.. 20005 Dust transported to
downwind terrestrial ecosystems can play a major role in soil formation and nutrient cychng
(Chadwick et al.. 1999; Reynolds et ¢l.. 2001) and present serious health conce s (Griffin
et al.. 2001).

On local and regional scales. anthropogenic disturbance can have consequences on wind
erosion and plant community composition and nutrient cycling in anid and senuanid envi-
romments, Human lund use practices can reduce vegetation cover and expose wind-erodible
soils to mobilization (Stockton and Gillewte, 1990: Tegen and Fung. 1993: Lancaster and
Baas. 1998: Okin er al.. 2001a). For example, the Dust Bowl resulted from a decade-
scale drought and poor land use practices and showed that throughout the central Unied
States. wind crosion remains a potentially important ecosystem and geomarphic process
(Schlesinger er af., 1990; Forman ef al.. 1992: Rosenzweig and Hillel. 1993: Schuliz and
Ostler. 1993; Brown er al.. 1997: Alward e1 gl.. 1999).

Recent results from the Jormnada Basin in south-central New Mexico, part of the Na-
tional Science Foundation's Long-Term Ecological Research (LTER) network. indicate
that severe wind erosion can induce both plant community change and disruption of the
soil nutrient cycle (Okin e al., 2001b). A site was cleared of vegetation i 1990 for an
experiment aimed at measuring dust flux from the loamy sand soils common at Jornada
(Figure 7.1). Inthe 11 vears since its establishment, the site and the area directly downwind
of it have undergone major changes i nutrient budget and community composilion (Okin
eral., 2001b). Here. removal of vegetation has triggered wind erosion by enhancing particie
saltation and suspension processes. Saltation of sand-sized grains leads to negative physical
consequences for vegetation such as bunal and abrasion. Since plan! nuirients are concen-
trated on suspenston-sized particles, suspension leads to the permanent removal of neatly
all soil nutrients in the surface soils in approximately 10 years. Thus. saltation Kills mature
vegetation while suspension inhibits the growth of new plants, leading to changes in plant
community by differentially affecting shrub and grass species. With their biomass largely
below the saltation layer. grasses are abraded and buried by sand particles, whereas shrubs
are largely spared this fate. Growth of new plants {including annuals) that rely on auirens
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Tuside affected arca:
™o grass cover
B Mesquie coppice duney §
| Abraded and leaf-smipped
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No mesquite dunes
Ne leal s-u'ipp-mﬁ ar abrasion

Figure 7.1 The jornada “scraped site” shown here in a 1999 low-altitude airborne visi-
ble/inirared spectroradiometer (AVIRIS) image with resolution of ~5 m. This sile proves thar
wind erosion can affect ecosystem stability in this ecasystem, It has expenenced an average
detlation rate of 1.8 cm v (Gillette and Chen, 2001) and plant-available N and P have been
reduced by 89% and 78%. respectively (Okin et al., 2001b). No vegetation has regrown on
the scraped site itseli. The vegetation community downwind of the site has changed from a
grasstand to a shrubland due to burial, abrasion and fear stripping from saltating particles from
the scraped site itself (Okin et al., 2007a) and plant-available N and P in surface soils'in the
dowmwind area have been reduced by 82% and 62%, respectively (Okin et al,, 2001b)

in the topmost soil layer is inhibited. The scedbank may also be depleted in the winnowed
surface soils (A. van Rooyen. personal communication). Thus perennial grasses are killed,
new vegetation growth is suppressed and shrubs. where established, gain a competiive
edee. Creation of an erosive discontinuity in a mixed shrub/grass ecosystem accelerates the
conversion of grassland to shrubland.

7.1.2 Where Does the Dust Come from?

Despite the importance of desert dust, it is often unclear in detail where it is produced and
what role humans play in mediating its production. Sensors such as TOMS can be used to
directly observe dust in the atmosphere using methods such as the TOMS acrosol index
{¢.g. Prospero, 1999). but current technologies do not allow unigue identficaton of the loci
due 10 their coarse resolution and. in the case of TOMS. because of problems in observing

the lower levels of the atmosphere. Because of this. controversy remains about the extent to

which land use contributes to the atmospheric mineral dust. Recent work by Prospera er al.
(2002) and Ginoux e af (2001) suggests that the overwhelming majority of desert dust
comes from closed basins in arid areas related o now-dry or ephemeral lakes. They argue
further that hunsmns do not significantly perturb the dust cycle, a conclusion supported by
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Guelle er al. (20001, This point of view contrasts sharply with that of Tegen and Fung

(1995} who suggest that land use may in fact dramatically affect the amount of dust emitied
m desert regions.

7.1.3  Aims and Objectives

In summary. all of the studies which have examined dust emission in order 10 disentangle

the natural and land use signals have either used coarse scale modelling or remote sensing
data where there aré many potential sources in each pixel that could produce the observed
atmospheric distribution. In order w resolve the question of the contribution of land use
and land cover 10 desert dust. local or regional scale models that incorporate data from the
Farth’s land surface are required tw identify dust sources. But dust emission depends on
several soil and vegetation parameters (e.g. soil texture. crown height and plant density)
that can vary i both space and time. New techniques which allow modelling of wind
erosion and dust emission based on known distributions of vegetation and soils in small
well-swudied arcas are a necessary first step in achieving the goal of land surface-based
models of wind erosion. The atm of the present chapter is to do just this for the Jornada
Basin in south-central New Mexico,

7.2 Study Site Description

‘The Jornada del Muerto basin hies approximaiely 30 km northeast of Las Cruces. NM, in the

Chihughuan Desert ecosystem (Figure 7.2 Tt 1s bounded by the San Andres mountains on

the east and by the Rio Grande valley and the Fra Cristobal-Caballo meuntain complex on
the west, Elevation above sea level varies from 1180 10 1360 m. The Jornada Plain consisis

Figure 7.2 location of the jornada Basin, New Mexico, Maps from National Atlas of the
United States. Qctaber 29, 2003, www.nationalatias.gov

|
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of unconsolidated Pleistocene detritus. This alluvial fill from the nearby mountains is [00m
thick i places and the aggradation process is still active. Coarser materials are found near
foathills along the eastern part of the study arca. The topography of the study area consists of
gently rolling to nearly level uplands. interspersed with swales and old lakebeds (Bulfington
and Herbel. 1965)

The climate of the area is characterized by cold winters and hot summers and displays
a bimodal precipitation distribution. Winter precipitation usually occurs as low-intensity
rains or occasionally as snow and contributes to the greening of shrub species in the basin
in the early spring. Summer monsoonal precipitation, usually in the form of paichy. bul
intense. aftermoon thunderstorms, is responsible for the late-summer greenmng of grasses.
The average annual precipitation between 1915 and 1962 n the basin was 230 mm. with
329 falling between July 1 and September 30 (Paulsen and Ares, 1962). The average
maximum temperature is highest m June. when it averages 36 C and lowest in January.
when it averages 13°C (Buffington and Herbel, 1963).

The principal grass species in the study area are Scleropogon brevifoliiss (burrograss).
Hilaria mutica (tobosa grass) and several species of Aristida while major shrubs are Larrea
rridentata, Prosopis glandulosa and Florensia cevmua. Soils in the basin are guite complex
but-generally range from clay loams 1o loamy fne sands, with some arcas being sandy or
gravelly (Sotl Conservation Service, 1980).

The Jornada Basin is an area of intense research as part of the Jornada LTER programme
of the National Science Foundation, The primary reason for the broad scientific interest
in the Jornada Basin is because it is the premier site in which widespread CONVErs1on
of grassland communities 1o shrublands over the past 100 vears {Buffington and Herbel,
1965 Bahre. 19917 has been studied. Grazing and other amthropogenic disturbances are
commonly invoked 1o explain this trend (Bahre and Shelton. 1093). Extensive work on soil
structure and plant community composition at the Jornada LTER site and the adjacent New
Mexico State University (NMSU) Ranch strongly supports this hypothesis (Schiesmger
et al.. 1990,

7.3 Review of Basic Equations Relating to Wind Erosion Modelling

Saltation mass Hux has been related by a large number of authors using different approaches.
Bagnold ¢ 1941) approached the problem first and provided a physically reasonable solution
that was later confirmed by the analysis of Owen (1964). The saltabon equation has been
verified by wind tunnels, field experiments and alternate theoretical derivations (Shao and
Raupach. 19931

O = A er,{_sz 2 YAT, (1)

where (., 1s the horizontal (saltation) mass flux (g cm™ ' s i A s a unitless parameter
{usually assumed to be equal o 1) related to supply limitation (Gillette and Chen. 2001). p
is the density of air (g em ™ . g is the acceleration of gravity (cm s ). i, is the wind shear
velocity and i, is the threshold shear velocity (hothem s~ ' ). Qpy is envisioned as the mass
flowing past a pane one length unit wide. perpendicular to both the wind and the growid,
Vertical mass flux (dust flux), £, (g cm ™= s~ ' is linearly related 1o Uy DY a constant K
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Fable 7.1 Variations in F,/ ;. as a funciion of soil texture
itrom Gillette et al. (19971

Log of £,/ lcm )

- — Number of
fexture Average  Mimmum  Maximuim samples
Clay H4 —6.5 —6.3 2
Loam 5.7 -7 5.7 1
Sandy loam -3.7 . 3.5 2
Loamy sand 4.5 5.9 4.2 Fi
Sand S/ 6.6 —c . 28

997 Aimerican Geephesicad Liaon, repeoduced wit PSSR

(con ') that is typically of order of 10 2107 cm ! othat varies with soil exture (s¢e
Tabie 7.1 (Gillette ef al.. 1997). F, is envisioned as the mass leaving the surface per unit
lime.

The shear velocities. . and .. are related to wind speed at height z, Ufz) tems ')
byv:

F :— 1
Uiz) = — ha(—-ma}. {23
k '

Fi

where & is von Karmann's constant (unitless). gg is the roughness height (cmj} and D 18
the displacement height (cm). If D > 0. then turbulent How in wakes predominates and no
wind croston can OCCur.

Kaimal and Finnigan (1994, p. 68} have suggested that £ is approximately related w
canopy height. k. tem) by:

D = 0,75k (3)

While this relationship may hold when considering boundary layver phenomena that take
place above the canopy, equation (3) dictates a non-zera [ and therefore no wind crosion.
for all vegetated surfaces (surfaces with h. = ). Modelling approaches to wind erosion
must assume that £ = 0, so that wind erosion is allowed on vegetated surfaces and rough
ness height, zq. must be assumed to be the determinant of the relationship between Liz)
and u.

Several authors have proposed refations to predict 7p as & function of surface roughness.
Letiau (1969) and Wooding er al. (1973) have suggested parameterization of Iy by:

_'“:(I_S_I"__.}__ (‘-I‘}

~where » is a unitless parameter known as “lateral cov er’ (Raupach et al.. 1993 or ‘roughness

-
i

density (Marticorena eral.. 19971 [ateral cover is equal to the average frontal area of planis
multiplied by their number density, N {em 2y, Number density is related to fractional cover
of vegetation. C (unitless) by:

N=—. (3

,‘_xp

where A, is the average footprint of mdividual plants (cm .




adelling Wind Erosion and Dust Emission on Vegetated Surfaces 143

The hinear relation m equation (4) should hold unul i reaches ~0.1. Above this value.
o/ he remains approxtmately constant. Marticorena er af. (1997) have adjusied equation
(4) to incorporate the levelling-off of the linear relationship with increasing A:

(0.479% — .00k, for A <O.11
0,003, for » > 0.11

o= (B2l
Thus. using either equation (4) or (6). one can predict 7 based on knowledge of vegetation
parameters and assuming randomly distributed vegetation.

For conditions of partial. randomly distributed vegetation cover, u,, is related o the
threshold shear velocity for an unvegetated surface u.., by:

Mo == e/ (1 —ad¥{l + BAL (7
1 Sy

where a (unitless) is equal to the ratio of the average basal arca 10 average fronal area of
individual plants, # (unitless) is the ratio of the drag coefficient of an 1solated plant 1o the
drag coefticient of the ground surface in the absence of the plant and is of order 10

The wind erosion and dust flux model discussed above (equations (1}-(3)) assumes ran-
domiy and isotropically spaced vegetation. In desert arcas. particularly m areas undergoing
severe wind erosion. this may not be the case. Okin and Gillette (2001) have shown using
standard geostatistical technigues and 1-m resolution digital orthophotos that vegetation
can be distributed anisotropically which can enhance dust emission. They found that in
mesquite dunelands in the northern Chihuaghuan Desert. vegetation is oriented in elongated
areas whose direction nearly parallels the direction of the prevailing wind. These land-
scapes also display hortzontal mass fluxes ( Q) several times those observed i adjacent
lands dominated by other vegetation. The vegetation-free arcas elongated in the direction
of the dominant evoding winds that accounted for the increased wind erosion were named
“streets”. Tt is likely that the streets are the primary loct of wind erosion and that m arcas
without streets. or at imes when the wind is not aligned with the streets, the wind erosion
from the area is neghigible.

7.4 The Spatially Explicit Wind Erosion and Dust Flux Model

Significant work over the past half-century has led to the development of parameterized
wind erosion models that are based on theoretical consideration, held expenments and
wind-tunnel experiments. A small number of parameters controls wind crosion and dust
flux in areas with randomly disiributed partial cover. The model parameters. in wrn, are
closely related to characteristics of the soil (e.g. surface texture) and vegetation (e.g. crown

<ize and geometry. plant number density. plant distribution anisotropy » (Table 7.2).

In the present research, we have created a spatially explicit wind erosion and dust flux
model (SWEMO) that allows estimation of wind erosion and dust flux across a fandscape
by incorporating spatial distributions of iraportant parameters. Users can thus see how in
the landscape soil and vegetation paramelers interact o create patterns of wind erosion and
dust emission. This approach provides a powerful basis for trving to understand where in
landscapes the strongest dust sources are and is therefore applicable to trying to understand
the most important or persistent dust sources in an area. At its heart are flux equations that
represent the state of the art in wind erosion and dust flux modelling. discussed above,
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The linear relation in equation (43 should held until ~ redches ~0.1. Above this value.
Zo/ B remains approximately constant. Marticorena e af. (1997) have adjusted equation
(4) to incorporate the levelling-off of the linear relationship with increasing 2.

_ | 104791 — 0.001) A for = 0.11
00050, for # = (L1l

Z0 {&)
Thus. using cither equation (4} or (6), one can predict 2y based on knowledge of vegetation
narameters and assuming randomly distributed vegetation,

For conditions of partial. randomly distributed vegetation COver. ., is related o the
threshold shear velocity for an unvegetated surface i, by:

i = H,_._,\I_.T ~ o M) (1 + B (7}
where o (unitless) is equal to the ratio of the average basal arca to average frontal area of
individual plants. / (umtless) is the ratio of the drag coefficient of an isolated plant to the
drag coefficient of the ground surface in the absence of the plant and is of order 107,

The wind erosion and dust flux model discussed above (equations (11-(3)) assumes ran-
domiy and isotropicaily spaced vegetation. In desert arcas. particularly in areas undergoing
severe wind erosion. this may not be the case. Okin and Gilletie (2001) have shown using
standard geostatistical techniques and 1-m resolution digital orthophotos that vegetation
can be distributed anisotropically which can enhance dust emission. They found that in
mesquite dunelands in the northern Chihuahuan Desert, vegetation is oriented in elongated
areas whose direction nearly parallels the direction of the prevailing wind. These land-
scapes also display horizontal mass Buxes (Urpa) sev cral times those observed m adjacent
lands dominated by other vegetation. The vegetation-free areas clongated in the direction
of the dominant eroding winds that accounted for the increased wind erosion were named
spreets”. It 1s likely that the streets are the primary loci of wind erosion and that in areas
without streets. or at times when the wind s not aligned with the strects. the wind erosion
from the area is neghgible. '

7.4 The Spatially Explicit Wind Erosion and Dust Flux Model

Sigmificant work over-the past half-century has led to the development of parameterized
wind erosion models that are based on theoretical consideration. field experiments and
wind-tunnel experiments, A small number ol parameters controls wind erosion and dust
flux in areas with randomly distributed partial cover. The model parameters. in tarn, are
closely related to characteristics of the sotl (e.g. surface texiure) and vegemtion (e.g. crown
size and geomerry. plant number density, plant distribution anisotropy) (Table 7.2).

In the present research. we have created a spatially exphcit wind erosion and dust flux
model (SWEMO) that allows estimation of wind crosion and dust Hux across a landscape
by incorporating spatial distributions of important parameters. Users can thus see how m
the landscape soil and vegetation paranieters iteract 1o create patterns of wind erosion and
dust emission. This approach provides a powerful basis for rymng to understand whefe in
landscapes the strongest dust sources are and is therefore applicable to trying to understand
the most imporant or persistent dust sources m an area. At its heart are flux equations that
represent the state of the art in wind erosion and dust flux modelling, discussed above.
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Table 7.2 Relations between wind erosion model parameters and vegetation/sail
parameters

Maodel paramete Vegetation/Sotl parameter

Threshold shear veloaity of soil Wy Soil grain size, crusting, disturbance

Displacement height £ Assumed to be zero

Roughness height v R Plant height, radius, and density
Basal/Frontal area ratio a Plant height and radius

Drag coeflicient ratio B Approx. constant (100!

Lataral cover = Plant hetoht, radius and number density
Fractional cover € Plant radius and density

Number density N Fractional cover and plant radius

which are similar to those used by Marticorena ¢f @l. (1997) 1n their simulation of Saharan
dust sources. '

SWEMO uses maps of soil texture and vegetation. in addition to knowledge of vege-
tation cover and size parameters. 1o create derived maps of threshold shear velocity (with
vegetation ). u., and 7. Valves w., wre derived by extracting median values of . for each
<oil texture class from Gillette er al_ (1997). Soil ¢rusting and disturbance were not included
in this version of the model. For each cell in the model, a histogram of shear velocity 1s
derived from a histogram of wind speed at one height using the value of zy at that cell
and equation (2). Equation (1) is then evaluated for each cell 10 derive an estimate of total
harizomal flux. Or,. A soil-texture based value of F,/ Qo (see Table 7.1} 1s then used 1o
calculate the amount of vertical flux, £.. for each cell. The processing stream for SWEMO
is depicted in Figure 7.3. '

7.4.1 Issues in the Integration of Parameters for SWEMO

Wind erosion depends on several parameters that vary as a function of soil and vegetation
cover. By using maps of dominant vegetation type and soil texture. SWEMO 1s able to
impose spatial variability by allowiag the main parameters that determine wind erosion
and dust flux (see Table 7.3) to vary according to the specific soil and vegetation found at
any location. Thus, the primary constraint on the use of SWEMO in natural landscapes i3
the availability of overlapping vegetation and so1l maps that provide information at scales
of imterest.

However. even if categorical maps of soil texture and vegetation type. with polygons
labelled. for example. “sandy loam’ and “creosote’, are 100% accuraie. they do not represent
the full variabitity of the landscape: among other things. the size and spacing of plants vary
even among areas with the same polyvgon labels, Thus, although SWEMO is able to evalaate
the wind erosion equations (equations (1) and (2)) using different parameters for different
soils and commumity types, those parameters cannot vary in the model within classes. In
addition. the parameters used to evaluate the wind erosion equations must be derived from
literature values or ficld measurements and there is no guarantee that the values chosen for
integration mto SWEMGO are representative over the entire area of mterest.

Finally. and probably most important. the majority of wind erosion may oceur in small
areas not well represented by local averages. A small hole in vegetation. such as a natural
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Table 7.3 SWEMC) input parameters for soils of the Jornada Basin
AUt |

lexture Sardly loam  Loamy sand  Clay loam  Gravelly sand
Uy lems™) 29 34 6 28
Log(f,/Clsi tem ') 3.7 —4.5 5.7 =57

A 1.0 1.6 1.0 1.0

Spatialy-Explicit Wind Erosion and Dust Flux Modei
(SWIMO)

[ Soil | | Wind speed d —‘
’ Map | e
i
‘l . {reate hustogram
soil map projection | wind speed

]
Parameter lookup | Parameter Tookup ]
file conmaining info — ! file containing info |
jon each plant commumty | on cach soil wpe |
e et o e ] :
’-_l.. redte maps of
Usgee 45 A0
[ e AL ol
| A F O,
e s y i3 i

) 1 Calcudate histoy
Derive muap of U, L I

[Catcalae

| each cell
b Lo

Figure 7.3 Processing stream tor the spatially explicit wind erosion and dust flux model

(SWEMO) »

disturbance. a read. a dry river or a dry lake. may account for the majority of dust emitted
in an area, but be insignificant on the scale at which most maps are produced.

In the present study. a site with all requisite data (soil maps, vegétation maps, wind data
and a wealth of ongoing ecological research) was chosen o 1est SWEMO., The Jomada
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Sandy Loam

Loamy Sand

Clay Loam

Gravelly Sand

Figure 7.4 Soif texture map of the lornada Basin derived from the soif survey of Dofta Ana
County, New Mexico (Soil Conservation Service, 19800). The area cutlined in black is the region
where the soil and vegetation maps overlap and is the study area for the present research

Basin in south-central New Mexico is a part of the National Science Foundation’s LTER
network and as such provides a wealth of required and ancillary data. Ongoing research
into dust emissions at this site by one of the authors (Gilietie) also allows us 10 compare
maodetied fAuxes with measured values.

7.5 Using SWEMO to Predict Wind Erosion and Dust Flux at the
Jornada Basin

7.5.1 Data Sources and Model Inputs

Soil Data.  Portions of the Jornada Basin have been mapped by the US Soil Conserva-
tion Service (1980} (Fieure 7.4). Each polygon in this soil map is fabelled with a soil
texture of the dominant soil type in that polygon, which allows estimation of . and
£,/ Qo (Table 7.31. The particle-imitation coetficient. A. s assumed to be 1.0 for the entire
study area. Values of u, used in this study were derived from mean values provided by
Gillette ( 1988). Values of £,/ (1. were estimated using data from Gillette ef al. (1997) (see
Table 7.2).

Vegetation Data. A vegetation map of portions of the Jornada Basin was made available
to these study through the Jornada LTER project (digial data produced by R. Gibbens,
R. McNeely and B. Nolen). This map contained infonmation on spattal distribution of
the dominant plant communities in the basin (sce Table 7.4 and Figure 7.5): grassland.
mesquite (Prosopis glandulosa). creosote (Larrea rideniata). tarbush (Flowreiisia cernua).
snakeweed (Xanthocephalum spp.). other shrubs and no vegetation. Fractional cover for
the grassiand and snakeweed cover types and plant diameter and height tor all vegetation



Plate 1 Connected regions identified in the segmentation. Short vegetation is light brown. hedges
are green. tall vegetation dark brown and water regions blue
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Plate 3 The problem of systematic surface error in areas of DEM overlap. Part () shows the
resufts of the DEM overlap: (b) shows this effect in schematic terms: {(©) shows the effect of bilinear
interpolation as apphied (o the full dataset without a more sophisticated treatment of overlap areas:
and (d) shows DEM combination using distance wesghting. considered in section 6.6. Bluck points
are the upstream DEM and white points are the downstream DEM
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Plate 4 Contoured error surface for an intensively sampled sub-area. It shows that the errors are
mainly concentrated around channel margins
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Plate 5 Comparison of the Febiuary 1999 DEM with the February 2000 DEM. (2) annual and with
the March 1999 DEM (b} storm event, to demonstrate that when erosion and deposition changes are

small. the banding effect can still be clearly identified
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Plate 6 Contoured map of height discrepancies between the post-processed DEM surfaces and
ground control point clevations for the February 2000 DEM. Zones of no shading are within
=0.0025 m of surveved PCP position. The location of individual ground contral points 1« marked
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Plate 8 Vegetation cover mmage (1 km NDVI for April 1998, Data from the March and My were
used to fill the gaps in areas of persistent cloud cover
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Plate 7 Model estimates of wtal horizontat flux @ and vertical flux F for several scenarios.
Wind speeds observed at Jornada. Spring 2000: (a and 1) no vegetation (using a1 (b and )
vegetation (using u.,b: (¢ and K1 vegetation (using «.) using 1.25 x wind speed: td and 1) vegetation
(using i} using 1.5 = wind speed: (e and m) vegetation (using 1.} using 1.75 x wind speed: (fand
n) vegetation {using ¢ ) using 2.0 < wind speed: (g and o) vegeation (using w2 ) using 2.3 = wind
speed: (h and p) vegetation (using ., ) using 3.0 > wind speed '




Plate 9  Total sediment vield (tonnes) o Lake Tanganyika recorded in April 1998
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Plate £8@ Change m emissions concentrations between the reference scenario and the policy
scenario. Dark blue indicates a large decrease in concentration, light blue o small decrease. light
pink a small increase und dark pink a large inerease, Setdement s picked out in vellow

Plate 11 Visualization of emissions concentrations for the Policy Case in West Cambridge.
Buildings have been modelled from atrborne LIDAR data. Concentration increases with increasing
opacity and increasing shades of red
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Table 7.4 SWEMCH input parameters for vegetation ol ithe jomada Basin

Yegetation ) Onther

type (irass Mesquite  {Creosote Tarbush  Spakeweed shirLibs _ Bare

Fractonal .25 .21 017 012 0.29 17 0.001
COVer

Basal area G 5100 HO 800 13200 1003 500 (.06
lem™)

Protle area 1000 18500 G200 13800 100 OO0 0.001
(cmet)

£ 11340 LD 100 430 140 100 !

Zo tem) 3.8 4.7 8.2 4.6 1.8 5.0 {1)4

Crrass
Mesquite

Creosoie

Tarbush

Saakeweed

{nhier Shrubs

Barg

Figure 7.5 Vegeiation map of the forpacdia Basin derived trom mapping etiorts at the fornada
Experimental Range and the NMSU College Ranch. The area outlined i black is the region
where the soil and vegetation maps overlap and is the study area tor the present research

cover types were derved from ongomg vegetation monitoring data as part of the biodiversity
Vegetation Transect at Jornada. Fractonal cover for the creosote and tarbush covertypes was
derived from ongoing vegetation monitoring data as part of the Small Mammal Exclosure
experiment at Jornada. Fractional cover for the creosole vegetation cover tvpe was taken
from Okin and Gillette (2001). Plants were assumed to be cvlindrical in shape with basal
area equal to 7 (plant radius)” and profile area equal to (plant diameter) (plant height). The
drag ratio, 8. was taken from Raupach eral. ( 1993) and assumed to be constant for all cover
types. Roughness height. 2. was calculated using equation (4) based on vegetation height,
profile area and number density.

Wind Dara. Wind monitoring by one of the present authors (Gillette) has been ongoing
at several sites in the Jornada for many years. Data from one windy season (28 March -

200010 July 20000 was used in this study (Figure 7.63. Although wind direction was also
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Figure 7.6  requency ot wind speeds at one monitoting site at Jornada. Measurements were
taken at 1490 cm trom the period 28 March 2000 to 10 july 2000. Wind spreeds helow
00 cm s were not recorded, Frequency is reported as percent of entire 105 day wind
record

recorded. direction is assumed not to have an impact on the magnitude of wind erosion and
dust flux.

7.5.2 Running the Model

SWEMO uses soil texture and vegetation maps as its primary inputs. and from these pro-
duces intermediate maps of parameters required for evaluating the equations (1) and (2).
Thus. the first step in generating spatially explicit estimates of wind erosion and dust flux.
is the production of these intermediate products (Figures 7.7-7.10). Figures 7.7-7.9 are
generated n a straightforward way by determining vegetation type or soil texture in each
modet cell and then looking up the appropriate value of u.... 7, or & from associated look-up
table files (see Tables 7.3 and 7.4). Figure 7.10 is generated by determining vegetation iype
and soil texwre for each model cell, looking up values of w... as well as plant structural
parameters in the associated look-up table files and evaluating equation (7) for each cell.

A record of wind speed is imported into the model and compressed by creating a his-
togram of the data. This histogram is then used to caleulate a histogram of 1. using equation
(2) and values of =, for cach cell (Figure 7.8). The histogram approach to working with
wind speed data is the most computationally efficient way to evaluate equation (1) for each
cell, because it allows estimation of horizontal flux for a few wind speed bins. as oppased
10 cach entry in an entire wind speed record. '

Once the intermediate maps and #. histograms have been ereated. equation (1) is evalu-
ated for each cell w generate estimates of Oy, for each cell. Data from Figure 7.9 are then
used to convert the Oy, map into maps of dust flux, F..

in the present research, (y,e and 1, were evalusied for the entire study area for cight
SCENATIon: '
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Figure 7.7 Map oi the threshold shear velocity tor unvegetated soif, u,,.. derived trom the
sofl textire map and literature values 1or ua,
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Figure 7.8 Map of the roughness height, z,. derived by evaluating equation (4} ror each
vegetation height based on its measured height (see Table 7.4)
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Figure 7.9 Map of the ratio of vertical flux to horizontal tux, F/Qy . derived from the soil
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Figure 7.10 Map or the threshold shear velocity ror vegetated soil, w.,. derived by evaluating
equation (7 for the entire study area
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Figure 7.11 Log of total tlux with elevated wind speed divided by total flux with measured
wind speed. Flux is either Qr ., or F, 1or elevated wind speed. Flux, is either Qg and F, tor
messured wand speed. Besults tor (v are shown by close circles and results tor £, are shown
DV open clicles

I. No vegetation. wind record trom Jornada (Plates 7ia) and 7))
2. Mapped vegetation (Figure 7.5), wind speed record from Jornada (Plates 7(b) and 7(j:
wind speed record shown in Figure 7.6)
. Mapped vegetation, Jornada wind speed record multiplied by 1.235 (Plates 7(¢) and
7k
4. Mapped vegetation. Jornada wind speed record multiplied by 1.5 (Plates 7(d) and
Eiea)] '
5. Mapped vegetation. Jornada wind speed record multiplied by 1.75 (Plates 7ie: and
7(mj) :
6. Mapped vegetation. Jomnada wind speed record multiplied by 2.0 (Plates T(1) and
Tin)) '
7. Mapped vegetation, Jornada wind speed record multiplied by 2.5 (Plates 7ig1 and

o))

L

&

8. Mapped vegetation, Jornada wind speed record multiplied by 3.0 (Plates 7thy and
Tip)

By increasing the wind speeds used in the model over the measured wind speeds at Jornada.
we were able to evaluate the effect that windier conditions would have at the site. Caleulating
the total of Ug,. and F,, for the entire area, the overall effect of mcreased wind speed for
the area was evaluated (Figure 7.131.

7.5.3 Discussion of Model Results

Values of Oy, for the study area (Plate 7) compare favourably with micasured values of
dust flux in several cover types within the Basin for a period encompassing the period of
the wind record (Table 7.5). However, the model predicts no wind erosion or dust flux for
much of the Basin. most notably the mesquite areas which display the highest measured
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Table 7.5 Summary of measured values of (., for difterent vegelation types in
the fornada Basin for the period 24 July 1998 ta 19 April 2001

LoglQudg cm ' fday))

Vegetation type  Grassland  Mesquite  Creosote  Tarbush - Playa Bare

Average 1.3 .0 —1.0 — 1.0 —ni 1.5
Minimum -3 =0.6 ~3.0 —2\3 -1.G 0.7
Maxinuim 0.3 0.9 ~{).2 —{):4 (3.3 23

Figure 7.12 Obiique aerial photograph taken in 1975 during & dust storm in West Texas
LUSA. Notice that plumes are formed over a small fraction of the total amount of agricultural
land (from Gillette (1999), reproduced with permission)

dust lux among vegetated surfaces. This effect 1s largely due to the high-threshold shear
velocity caleulated for combinations of vegetation and soil (Figure 7.7) and as a resylt. the
area of no modelled wind erosion is seen to dwindle with increasing wind speed (Plate 7).

Gilletre (1999) has suggested that the bulk of wind erosion and dust flux that occurs
often occurs as small ‘hot spots” within the landscape (Figure 7.12). These areas may be
roads, small disturbance. or as Okin and Gillette (2001) have pointed out, self-organizing
‘streets” in the landscape. Streets are elongated unvegetated arcas. usually ahigned with the
wind, down which wind blows. thus effectively reducing ., over small scales. Okm and
Gillette huve suggesied that these streets may be responsible for the observed high-flux rates
in mesquite dunelands. SWEMO assumes homogenous vegetation cover and distribution
within each vegetation type. Thus. our results suggest that the assumption of homogenous
vegetation cover is not adequate for spatial modelling of wind erosion. More complicated
models that incarporate these erasion hot spots are required to reproduce vegetation with
high fidelity.
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Despite this, the modelled increase in o and F, with increasing wind speed confirms
the predictions of Gregory ef /. (1999) that wind erosion and dust flux increase non-tinearly
with increasing wind speed. As Plate 7 shows. this etfect is the result of two factors: (1)
increased number of areas subject to wind erosion (areas with u, > w..): and (2) increased
flux from areas undergoing wind erosion (increased u? — a2 Because wind erosion is
controlied in large part by the difference hetween i, and ¢, for conditions where u. = .
and 1., is largely controlied by vanable vegetation cover {equation (7)), evaluating Uy
and F, forelevated wind speeds also serves as @ proxy for conditions when vegetation cover
may be decreased due to low vegetaion conditions, due. say. 10 drought.

7.6 Conclusion

[he mismatch between observed patterns of wind erosion and dust flux and the patierns
modelled using SWEMO most Tikely arises from the fact that in natural environments.
small wind erosion hot spots are responsible for the vast majority of flux. New modelling
techniques need to be developed which can incorporate these small-scale spatial phenomena
into large-scale dust flux models. In addition. new technigues must be developed which
can identify, quantify and map these erosion hot spats in the landscape.

A potential method to map hot spots. in addition 1o providing more detailed information
about surface properties. is o derive estimates of the relevant parameters from remote
ensing data. Some attempt has been made to do this in previous studies. although not for
the original purposes of wind erosion modelling. Okin er al. (2001¢) and Okin and Gillette
(2001 ). for example. have derived estimates of surface cover in arcas susceptible to wind
erosion using spectral mixture analysis and geostatisues of acrial photographs. respectively.
Other authors have tried to develop remote sensing tools that esumate vegetation number
density and size using the |i-Strahler optical canopy model (see, Tor example, Li and
Strahler. 1985; Franklin and Strahler. 1988; Li and Strahler. 1992: Scarth and Phinn, 2000).

Spatial modelhing of wind erosion remains in its infancy. Because large-scale dust emis-
sion often depends on very small-scale heterogeneities on the land surface. the SWEMO
model described here 1s only a first step 1n developing a full modetling approach 1o this
fundamental geomorphelogical process that dominates the world's arid and semi-and
regions — 30% of the Earth’s Tand surface.
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